We investigate the adhesion mechanism between an elastic strip of vinylpolysiloxane bent in a racquet-like shape, and a thick elastomeric substrate with the aim to understand how local swelling modifies adhesion. Using a modified loop-tack adhesion test, we place a droplet of silicone oil in between the two materials, vary the dwell time and measure the force required to separate the two interfaces. The experiments are then compared with an analytical model that describes how the critical peel force is modified as the interfacial surface energy changes over time. Our study reveals that in certain circumstances swelling can enhance adhesion. More specifically, strong adhesion is obtained when most of the droplet is absorbed by the solid. By contrast, when the droplet remains at the interface a small adhesive force is measured.
Introduction
The first human-made tool based on adhesion is believed to date back to the late middle Pleistocene when two flakes were joined with tar [1] . Nowadays, adhesion is an important mechanism used in biomedicine for dentistry applications [2, 3] , in tissue engineering for smooth muscles cells [4] , and in wearable flexible electronics [5] . Also in nature, we find several proofs of adhesion-based mechanisms such as the adhesion of single bacterial cells, that revealed to be the strongest of all the biological adhesives, as well as the adhesion mechanism of gecko toes that use capillarity as an important contribution for adhesion [6] [7] [8] of fluid is often necessary to create adhesion between two bodies. For example, the Equisetum spores are in contact with a wet ground which promotes adhesion [9] .
In some industrial and biological materials such as polymers or plants, this fluid may swell one or both of the materials, and this swelling may alter their interfacial properties and adhesive strength as observed in the elasto-capillary problem presented in [10] . There are few examples that describe the interaction between adhesion and swelling even if this interaction is important at small scales for biological and technological purposes with application in biomedicine and surgery [11, 12] . Swelling is a phenomenon which typically occurs in solids, such as gels, hydrogels, wood and living tissues and is due to the absorption of liquids (solvents). Commonly, it is a slow process, with long characteristic times, whose evolution is driven by a competition between mechanics and chemistry; a simple example is a swollen gel expelling solvent from the bulk towards the environment when compressed. That competition may also realize instabilities such as wrinkling and creasing [13] [14] [15] . Moreover, swelling of a material often involves a great change of size and possibly change of shape which may further complicate a problem where adhesion and swelling are coupled and where the shape of change is caused by other external actions.
Here, we investigate the adhesion mechanism between a vinylpolysiloxane (VPS) thin elastic ribbon, bent in a racquet-like shape and a thick VPS substrate. The two solids are put in contact using a small droplet of silicone oil on the substrate which realizes a small change of size and shape of the materials. Then, using a modified loop-tack adhesion test, the critical force required to separate the ribbon from the substrate is measured. Since both solids can swell, the droplet is absorbed by both of them. Swelling allows the interface between the ribbon and the substrate to be initially wet, and dry as the solvent is fully absorbed. For this reason, the time of contact as well as a possible pre-absorption of the solvent by the substrate both play a crucial role in the critical peel force.
In our problem, swelling and adhesion are two ingredients which are strongly coupled: the first affect directly the surface tension and other material properties such as the actual softness of the ribbon, whereas the second is directly governed by the change of surface tension, contact area and elasticity of the solids. The experiments are compared with an analytical model that describes how the critical peel force is modified as the interfacial surface energy changes over time. The evolution in time of the surface energy, which depends on the degree of swelling, is a key outcome of the modelling.
Material and methods
Experiments were performed at the Mechanics of Slender Structures Laboratory (Boston University) to quantitatively measure interactions between adhesion mechanism and swelling as well as the peeling force which breaks the contact between adhered regions of the swollen materials. Silicone rubber (VPS, Zhermack Elite Double 32) was used to create both a thin elastic ribbon (5 × 0.33 × 0.0056 cm) and a thick parallelepiped (5 × 3.5 × 0.5 cm). The thick parallelepiped is used as a substrate in the experiment and it is obtained by pouring liquid VPS into a mould. Combining the VPS prepolymer and crosslinker leads to a liquid polymer that thermally crosslinks to an elastic solid in 15 min at room temperature. After curing, it is removed from the mould and placed on an acrylic support (figure 1). The elastic ribbon is obtained by cutting a long beam from a thin plate prepared by spin coating the VPS liquid at a fixed angular velocity to control the plate thickness. The two ends of the ribbon were brought into contact and clamped at a rigid support so that the beam adopts a racquet-like shape (figure 1). A mechanical testing machine (INSTRON 5943) is used, which controls the vertical displacement δ of the rigid support and measures the corresponding force F e at the clamp with nominal precision 2.5 mN. We set δ = 0 when the racquet is in contact with the substrate, and F e > 0 when the racquet is being pulled; the machine returns the time history δ(t) and F e (t) over time t. A digital camera (Nikon D610) is used to take a movie with a temporal resolution of 30 fps. A representative experiment is depicted as a sequence of six time-steps (figure 2c). The experimental protocol is outlined as follows:
(i) At τ = 0, a droplet (3.65 mg) of silicone oil (5 cSt) is placed with a syringe on the substrate which is not in contact with the elastic ribbon. (ii) At τ = τ c , the ribbon is brought into contact with the substrate. The ratio between τ c /τ d , being τ d the diffusion time of the oil into the substrate plays a critical role in determining a wet or dry contact, and thus, a change in the interfacial surface energy which influences the peeling force [16] . During a time interval until τ = τ 3 , a small downward force F e is developed (the racquet is compressed between the clamp and the substrate due to the swelling of the latter). (iii) At τ = τ 3 , the oil drop has spread over the whole substrate, which recovers a uniform state. The ribbon and the substrate remain in contact, and F e slowly decreases towards a zero value. (iv) At τ = τ c + τ s , the elastic ribbon is removed from the substrated in a quasi-static manner with speed 0.16 mm/s. Both τ c and τ s influence the contact conditions. Indeed, for τ c << τ d , we may have two different regimes: for τ s 0 the interface is wet; on the contrary, for τ s > τ d the interface is dry. Before breaking the contact, the racquet changes its shape by bending; correspondingly, the force F e increases. (v) At τ = τ 5 , the peak force F p is obtained, after this point contact is broken. The peak force F p identifies the peeling force which breaks the adhesion contact. At this time, the elastic energy stored is suddenly released and dissipated through damping. (vi) At τ = τ 6 τ 5 , F e = 0 and remains zero until the end of the experiment, when the ribbon is back to its initial position (τ = τ 7 ).
Many experiments with τ c and τ s , ranging from 30 to 250 s and from 0 to 7200 s respectively, are performed, all using the same size and materials. For all the experiments, the main focus is on measuring the critical force F p that breaks the contact in order to understand how swelling affects adhesion. 3. Surface adhesion in elastic solids: a short summary
From a theoretical point of view, we refer to the mechanics of adhesion as rooted in the classical work of Johnson, Kendall and Roberts (JKR) [16, 17] . 1 The JKR theory puts forward a stationary model which describes the adhesion between elastic solids: it assumes the presence of a surface adhesion energy and provides a relation between the pull-off force, the force necessary to break the contact and the surface energy. The basic idea behind the JKR theory is to compare the energies stored in both the bodies and the contact surface between them, with the work done by the force pulling apart the two bodies in contact. The total potential energy of the materials in contact U T is composed of three terms: the elastic energy U e in the bodies, the surface energy U s and the work U p done by the pull-off force:
The simplest model assumes U T to depend on two parameters, the characteristic radius a of the contact surface and the load F e . It follows that the stationary condition for U T provides a relation between the critical value F p of the pull-off force, and the radius a:
The force F p is thus the force required to break the contact between the rigid cylinder and the elastic substrate. In [16] , the contact between a rigid cylinder and an elastic substrate is analysed: we start by illustrating this problem, with the aim of applying the JKR theory to describe the adhesion between more or less swollen bodies. Consider a rigid cylinder of radius a, in contact with an infinite elastic substrate, pulled upon by a vertical force P: this same force pulls apart the interface, which in turn, pulls the substrate. If the substrate is elastic, the relation between the vertical displacement δ of the contact surface and the force F e is given by:
where E is the Young modulus, and ν the Poisson ratio (ν = 0.5 for rubber-like materials). The simplest assumption for the surface energy U s is to consider it to be proportional to the contact area
with γ a surface energy density, typically constant for a given material system. The elastic energy in the substrate U e is evaluated by assuming it to be equal to the work done by the load F e while producing a displacement δ; from (3.3), we have
Finally, using again (3.3), the work done by the force P is given by
All in all, the total potential energy of the system is
The critical force F p which makes U T stationary can be computed from (3.2), which yields
We note that the JKR theory accounts for the physics of a contact surface only through the surface energy density γ . Following this theory, we model the adhesion problem illustrated in §2, including also the effects of the small amount of swelling induced by the solvent drop; we do not consider the change of the contact area, possibly induced by a large swelling which is not observed in our case as we use a limited quantity of silicone oil for the droplet. 
The racquet-like ribbon with adhesion
As shown in §2, our racquet-like ribbon lays in a plane and has a symmetric shape with respect to a middle vertical axis; we denote as L, h and w, the half length, the thickness and the width of the ribbon, respectively, with L >> w > h ( figure 3) . We model the ribbon by using the one-dimensional beam theory called elastica 2 and assume that its axis always remains in the plane span(e 1 , e 2 ); given the natural curvilinear-coordinate s ∈ (0, L), each point p = p(s) = o + x(s)e 1 + y(s)e 2 of the ribbon B, with o indicating the origin of the coordinate system, is represented by its coordinates (x, y). We also introduce the angle θ = θ(s) that measures the angular deflection of the ribbon with respect to e 1 , and we assume that only the small portion s ∈ (−a, a) of the ribbon is in contact with the substrate; thus, the contact area measures 2aw. It is worth noting that within this model, stretching of the ribbon is neglected as the peeling angle is small, see [18] .
Within this framework, denoted with f = f v e 1 + f h e 2 the internal stress, and with B the bending stiffness, the balance equations of forces and moment are given by
with q the weight load, F e the vertical force at the clamp (known in our problem, as measured during the experiment), μ the horizontal force at clamp (unknown, as reaction to the constraint that imposes null horizontal displacement) and n = sin(θ)e 1 − cos(θ)e 2 the current normal to the beam axis. Equations (4.1) 1,2 are easily solved 
We solve (4.3) for θ under the following assumptions: (1) neglecting the weight, q = 0; (2) setting sin(θ ) ≈ θ and cos(θ ) ≈ 1; this assumption holds, almost everywhere but for s ∈ (0, a), only when the pulling force is high enough to flatten the elastica; (3) Differentiating equations (4.5) and assuming that θ is small, we get:
It is worth noting that we have one more boundary equation, the constraint y(L) = 0, which can be used to determine the unknown value of the reaction μ. We find the following expression for θ(s):
with α = F e /(2B). The solution of the problem of the elastica also delivers an explicit formula for the vertical displacement δ = x(L) of the clamped end of the ribbon. From here, we use the JKR theory of contact to determine the peeling force F p . Following [19] , the condition (3.2) is equivalent to a single, so-called natural boundary condition [19] , that describes the adhesion between two surfaces in contact; given a surface energy γ , this condition is
Inserting (4.7) into (4.8), we have
The first-order term in α for the equation (4.9), via a Taylor expansion around α = 0, is 10) which yields the relation between the critical force and the surface energy: COMSOL Multiphysics. The problem is formulated as follows: find θ, x, y and μ such that, for any test functionθ ,x,ỹ satisfying the boundary conditions, and anyμ, it holds:
within this formulation, the reaction force μ is a global Lagrangian multiplier that holds the constraint y(L) = 0. It is worth noting that there is no need to insert an adhesive contact condition in the numerical model as the contact zone is assumed to be infinitesimally small. The equation is solved with boundary conditions in equations (4.4) and (4.5) and the surface energy is then evaluated using equation (4.8). The model has about five thousands degrees of freedom and its resolution takes about ten seconds. 
Results and discussion
We compare the explicit solution of the approximate equations (4.4) and (4.6), with the numerical solution of the full nonlinear equations (4.3) and (4.5). Our results focus on two aspects of the system which can be used to highlights the adhesion mechanism between the beam and the substrate under different wetting conditions of the latter. In the models, we assume the bending stiffness B = 4.83 · 10 −8 Nm 2 and the weight load q = 0.1947 N/m.
(a) Shape of the ribbon
The first element we take into account is the shape assumed by the elastic ribbon under the pulling force. Precisely, we compare the shape derived from the analytical and computational model with the one captured by the camera during the experiment between steps 4 and 5, when the ribbon is highly bent (figure 4a). The shape is mapped on the picture, point by point, by using the analytical solution for the components x and y of the position vector of each point of the beam, at different applied vertical force F e as a blue line. We note that the analytical approximate solution, as expected, does not perfectly describe the shape of the elastica in close proximity to the contact with the substrate, whereas the assumption θ 0 fails and the curvature attains a singularity point. The computational shape is also drawn in the same figure as a red line. In figure 4b , the force-displacement curve measured by the testing machine during the experiment (green dots) is compared with the corresponding curves derived from the approximate (blue line) and exact (red line) solution of the elastica problem. The bending of the ribbon contributes to determine a soft force-displacement curve which shows a steep slope only in proximity to the detachment point. It is worth noting that the experimental observations are effectively finely described by both the approximate and the exact elastica model.
(b) Critical force, surface energy and times role
We next examine the dependence of the peeling force F p on the characteristics times τ c and τ s .
The results of the analysis are presented in figure 5 . The values of the peeling force F p are shown versus τ c for different values of τ s . The first characteristic time τ c defines the interval between the time at which the oil drop is placed on the substrate and the time at which the contact between the substrate and the elastica is realized. The second characteristic time τ s defines the interval between τ c and the time at which the testing machine starts pulling the beam. The diffusion time τ d is about 100 s and it was evaluated by posing one droplet of silicone oil on the vinylpolysiloxane substrate and weighing the oil at the surface and measuring the thickness of the droplet with a camera at different instants. For small values of τ c , it is expected that the contact between substrate and elastica is occurring through a still wet interface. On the contrary, for large values of τ c , a dry contact is expected as all of the solvent will be fully absorbed. For τ s = 0 (red circles), pulling starts just after having put the two elements in contact; for larger τ s (going from 300 to 7200 s), pulling starts when the oil droplet has been completely absorbed by both the substrate and the elastica in contact. Figure 5 shows that for τ c > τ d the fluid, which is still at the interface when the elastica gets in contact with the substrate, is not enough to realize a complete contact between the surfaces of the elastica and the substrate; consequently, a small peeling force is necessary to break the adhesion between the two solids which are in contact for a smaller portion of area compared to cases with τ c < τ d . (figure 5b, right side). It is worth noting that the ribbon exhibits an anti-clastic curvature in the neighbourhood of the region which is in contact with the substrate, corresponding to the point of maximum curvature (figure 5). In that region, a tip contact is impossible under dry conditions; however, when the silicon-oil droplet is still on the substrate, that is, for τ s 0 and τ c << τ d , the region having anti-clastic curvature is filled with the oil, and a perfect contact between the ribbon and the substrate can be realized. The critical force increases over time τ s and reaches approximately a maximum value when the droplet is fully absorbed and the surfaces get dry (figure 5b). The interface for τ c < τ d changes from an initial fluid interface between the solids (SF interface) at τ s = 0 s to an interface between the swollen solids without fluid (SW interface) (figure 5b). The changes from wet to dry contact directly alters the value of the interfacial surface energy γ . This is described by our model that yields the relationF p (γ ) between the critical force F p and the interfacial surface energy γ (figure 6a). Precisely, the approximate solution of the model equation (blue line in figure 6a ) prescribes higher values of interfacial surface energy γ corresponding to a critical force F p with respect to the exact solution of the same equation (red line in figure 6a) .
Finally, the experimental results shown in figure 5b can be handled using the explicit map F p (γ ) delivered by the model and the plot γ versus τ s shown in figure 6b can be got. It shows that the interfacial surface energy changes over time τ s starting from a value around γ ≈ 0.5 J/m 2 and reaching a maximum value γ ≈ 5 J/m 2 . In particular, the initial value of the surface energy is approximately the value of the surface energy of the liquid silicone oil while the final value is the surface energy resulting from the VPS solid interfaces. Moreover, once the droplet is mostly all absorbed, a plateau of the surface energy is observed since a steady state of the process is achieved. Such property of the surface energy may suggest that a solvent could be used in small quantities to create adhesion between two solids able to swell.
Conclusion
Here, we demonstrated that adhesion and swelling are two strongly coupled phenomena between two solids made of the same material: a thin ribbon and a large substrate. In particular, the solvent must be fully absorbed to get a better adhesion; in our case, this is realized when τ s >> τ d , by contrast, when the solvent is largely still on the substrate a very low adhesion is reached. We compared the experimental results with a mathematical model based on the JKR theory of adhesion.
To make the model simple and get an explicit formula for the peeling force, we neglected local phenomenon such as the presence of an anti-clastic curvature where the elastica attains its largest curvature, as well as the extensibility of the beam. Nevertheless, we showed as the model, based on an approximate solution of the well-known equations of the elastica, can catch both the bending-based deformation process occurring in the elastica as well as the pattern of the peeling force versus the characteristic time of the same experiment. The study may help the design and the understanding of adhesion mechanisms when solids absorbing solvents are used, as in [10] , where an elasto-capillarity rise between swellable structures was investigated, and in [12] , where a biphasic microneedle array that mechanically interlocks with tissue through swellable microneedle tips with applications in biomedicine was proposed and studied.
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